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Abstract 

Cardiac transplantations are the golden standard treatment for end-stage heart failure but 

issues like ischemia-reperfusion injury (IRI) and graft rejection persist. Prolonged ischemia 

induces anaerobic metabolism, lactic acid accumulation, and intracellular acidosis. IRI is 

associated with programmed cell death, of which necroptosis is significant. We have shown 

that in hypoxia-reoxygenation, targeting necroptosis prevents murine microvascular 

endothelial cell (MVEC) death through cyclophilin D inhibition in vitro and apoptosis-

inducing factor (AIF) is implicated in DNA damage. Here, we investigated AIF and the 

impact of acidic pH on cell death. Acidic pH conditions altered MVEC necroptosis to an 

apoptosis-like pattern. AIF nuclear translocation and DNA fragmentation increased. 

Endonuclease G did not translocate into the nucleus, suggesting other nucleases may be 

involved in DNA fragmentation. PARP-1 regulates AIF translocation and DNA 

fragmentation. Clarifying the mechanisms underlying ischemia and the acidic cellular 

environment may lead to therapeutic strategies preventing IRI and cardiac transplant graft 

rejection.  
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Summary for Lay Audience 

Organ transplantation is an important treatment for patients with end-stage organ disease, 

including people with heart failure. However, transplantations can cause organ damage 

through limiting blood supply. This reduction in blood oxygen can cause the organ 

environment to be acidic. Despite advances in organ storage and transportation, there has 

been a lack of strategies that look to reduce cell death in ischemic injury. Thus, it is 

important to understand the pathways of cell death that are involved in ischemia in acidic 

conditions. Necroptosis is a form of cell death that has been found to be involved in 

transplantations and is believed to promote inflammatory injury, triggering an immune 

response against the transplanted organ. The specific mechanisms of necroptosis in the 

context of ischemia and transplantation are unclear, but current research has implicated the 

mitochondria and related molecules. This includes the focus of this project, apoptosis-

inducing factor (AIF), which has been shown to move from the mitochondria to the nucleus 

facilitating DNA damage under conditions of ischemic stress. The goal of this project was to 

determine the role of AIF in a cardiac transplantation model. Chemical reagents and genetic 

inhibition were used to stimulate cell death and prevent AIF from performing its role within 

the cell. Cell death was reduced in acidic conditions, but the action of AIF was not blocked. 

It is hoped that by better understanding these cell death pathways, potential clinical targets 

can be studied to improve the organ transplantation process and long-term success.  
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Chapter 1  

1 Introduction 

1.1 Current Challenges in Cardiac Transplantation 

Heart failure has become increasingly prevalent in an aging population with complex 

medical conditions, and accounts for considerable mortality and morbidity worldwide1,2. 

As of 2017, around 64.34 million individuals were estimated to suffer from heart failure 

worldwide, which is characterized by dyspnea or limited exertion due to either 

impairments in ventricular filling or ejection of blood from the heart3,4. For patients with 

persisting and advanced chronic heart failure despite medical management, heart 

transplantation remains one of the best treatments and has resulted in an almost 90% one-

year survival rate since the first heart transplant was performed in 19675–7. However, 

long-term and short-term challenges in cardiac transplantation are still present, which 

negatively impacts patient mortality and morbidity. Most potential donor hearts are non-

viable for transplantations due to ischemic injury, severely limiting the availability of 

donor organs8. There is also a mismatch between supply and demand, where the number 

of patients with end-stage heart failure has been increasing but the supply of donor organs 

has remained constant6,8. Patients for heart transplantations are now older (≥ 65 years of 

age), may require mechanical support, and present with circulating antibodies, known as 

sensitization, which can limit transplantation success6,9. Early complications after cardiac 

transplantations can include primary graft dysfunction, acute right ventricular failure, and 

conduction abnormalities5,6,10. Moreover, issues can arise in the long-term after a 

transplantation, including cardiac allograft vasculopathy, malignancy, and infection due 

to immunosuppression5,6,10.   

1.1.1 Short Term Complications Following Cardiac Transplantation 

Primary graft dysfunction occurs in 10-20% of heart transplantations and is the most 

common cause of mortality, up to 30%, in the first month following the transplant6,11–13. 

It is defined as a condition where the transplanted heart cannot meet the circulatory 

demands of the recipient13. Patients who have moderate or severe primary graft 
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dysfunction have been shown to be at increased risk of mortality during the first 90 days 

following transplantation compared to those with mild or no primary graft 

dysfunction12,14. Although the one-month mortality following cardiac transplantation is 

8%, primary graft dysfunction is involved in 39% of those deaths11. 

Acute right ventricular failure occurs in 2-3% of patients after transplantation but with a 

greater than 50% mortality rate6. There are multiple potential causes of the condition 

which are not limited to prolonged ischemia-reperfusion time, elevated pulmonary 

vascular resistance, and donor size mismatch6,11. 

Conduction abnormalities are an inevitable aspect of the heart transplant due to the 

denervation of the donor heart, cutting off efferent and afferent nerve signalling in the 

organ.6,15 The loss of parasympathetic and sympathetic efferent signals impacts 

baroreceptor response6,15. If hypotension is present, the lack of activation from the 

baroreceptors of the sympathetic nervous system will lead to insufficient increase of 

cardiac output6. This will contribute to hemodynamic instability following the transplant 

along with abnormal cardiac output responses to exercise in response to the 

denervation15. 

The rejection of the transplanted organ, otherwise known as cardiac allograft rejection, 

can occur due to the pathological changes induced by ischemia-reperfusion injury (IRI) 

and the inflammatory response. There are three types of rejection that can present 

following transplant – hyperacute rejection, acute cellular rejection, and antibody-

mediated rejection6,12.   

Hyperacute rejection happens during the transplant procedure once the donor heart is 

exposed to the recipient’s red blood cells6. It is mediated by pre-formed antibodies 

against the donor allograft and donor human leukocyte antigens, leading to widespread 

complement activation, hemorrhage, and thrombosis within the graft6,16,17. Although it 

has a high mortality rate, the presentation of hyperacute rejection is now limited due to 

cross-matching of blood types and the use of panel reactive antibodies6,16. It cannot be 

prevented with immunosuppressive drugs but may not occur in children under 2 years of 

age due to the still-developing immune system18,19.  
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Acute cellular rejection is caused by T-cells, usually in the first year following the 

transplant6,10,12. The T-cells of the recipient recognizes the donor’s human leukocyte 

antigen (HLA) expressed on donor-derived antigen presenting cells or the presentation of 

donor-derived peptides on recipient antigen-presenting cells6,12,17. When this occurs, there 

is an amplification of the immune response by effector T cells, antibodies by B cells, and 

involvement of the macrophages17. It is characterized by leukocyte infiltration and 

myocyte damage in the heart. Acute cellular rejection has been associated with increased 

expression of the HLA class I and II antigens along with infiltration of CD8+ T-cells20. 

CD4+ T-cells recruit effector cells such as CD8+ T-cells, macrophages, natural killer 

cells, and B cells16,20,21. Antigen presenting cells, specifically dendritic cells, move into 

the lymphoid follicles of the recipient to present peptides which leads to rejection by the 

adaptive immune system21. 

Antibody-mediated (humoral) rejection occurs through complement system activation by 

recipient antibodies directed against the donor HLA on the endothelium6,22,23. This 

rejection occurs in 10-20% of patients with a mortality rate of 8%6,24. The donor antigens 

and recipient antibodies form a membrane attack complex (MAC), resulting in vascular 

and endothelial injury6.  

1.1.2 Long Term Complications Following Cardiac Transplantation 

Cardiac allograft vasculopathy (CAV) is the most common cause of long-term mortality 

in heart transplant patients, affecting almost 50% of patients ten years following 

transplantation12,25. Risk factors can include donor and recipient age, hypertension, 

diabetes mellitus, dyslipidemia, cytomegalovirus, and mismatch of body size and/or 

HLA12,21. Clinical presentation of CAV can vary by patient, but diagnosis is hard to 

accomplish based on signs and symptoms because of the denervation of the transplanted 

heart21. An early determinant of CAV is endothelial injury and dysfunction26. The major 

aspect of CAV is progressive diffuse thickening of the arterial intima with concentric 

fibrous hyperplasia in the epicardial and intramyocardial arteries of the transplanted 

heart27,28. Atypical clinical presentation such as heart failure, arrhythmias, or sudden 

cardiac death can also point to CAV6,29. 
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Malignancy can be a risk following cardiac transplantation, especially skin cancers and 

lymphomas, which impact 19.8% and 1.8% of patients respectively within 10 years after 

the transplant6,30. Patients with organ transplants have a 3-4-fold likelihood of developing 

carcinoma compared to the general population30,31. This results from the need for 

immunosuppression, causing impaired immune responses against malignant cells and 

oncogenic viruses31. The risk for malignancies also increases with time following the 

transplant30. The use of proliferative signal inhibitors may be used to provide 

immunosuppression but also prevent cancers due to their anti-neoplastic properties30,31. 

One inevitable consequence of cardiac transplantation is the need for immunosuppression 

to prevent graft rejection and improve patient survival. Usually this consists of a triple-

therapy regimen involving calcineurin inhibitors, purine synthesis inhibitors, and 

corticosteroids6,31. Proliferation signal inhibitors can also be added in the case of poor 

renal function or CAV6,31. Corticosteroids can inhibit various types of leukocytes and 

block cytokine gene expression through inhibition of two transcription factors, activator 

protein-1 (AP-1) and nuclear factor-κB32. Lymphocytes and non-lymphocytes are 

affected which decreases inflammatory responses, interfering with major 

histocompatibility complex (MHC) class II molecules expression on antigen-presenting 

cells through the suppression of interferon γ, interleukin-1, interleukin-6, tumor necrosis 

factor alpha, prostaglandins, and leukotrienes17. 

1.2 Ischemia-Reperfusion Injury in Cardiac Transplantation 

Ischemia-reperfusion injury (IRI) is a major concern for the success of the transplant and 

graft function8,33,34. It is a multi-factorial issue which can negatively impact graft survival 

and lead to graft rejection34. Currently, static cold storage in preservation solutions is the 

standard method to reduce ischemic injury to cardiac grafts35. Furthermore, donor 

ischemia times are important to consider as increases are associated with primary graft 

dysfunction and patient survival times35. Based on clinical guidelines, the general 

threshold for donor heart ischemia time is around four hours. Hearts with an ischemic 

time over 4-6 hours are associated with increased risk of primary graft failure, acute 

cellular rejection, and 1 year mortality following transplant and are highly 

discouraged11,35–37. Several studies have also shown that there is greater tolerance for 
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prolonged ischemia using grafts from younger donors, with one study finding that the 

long-term outcomes for patients receiving older hearts (≥50 years) and patients receiving 

younger hearts (<50 years) were similar when ischemia times were less than 2 hours 

long, but patients receiving older hearts with ischemia times greater than 2 hours had 

poorer 5-year outcomes than the matched group of patients receiving younger hearts38,39.  

1.2.1 Molecular Mechanisms of Ischemic Injury 

Ischemia occurs in the donated organ because of the cessation or limitation of blood flow, 

leading to low levels of oxygen, glucose, and substances for metabolism throughout the 

organ (Figure 1)33,40. The reduced oxygen availability induces a change from fatty acid 

metabolism in cardiomyocytes and endothelial cells into anaerobic respiration, causing 

lactic acid accumulation and intracellular acidosis8,40,41. A negative feedback loop occurs 

as glycogen is broken down through anaerobic glycolysis to produce lactic acid and ATP, 

where the decrease in pH inhibits ATP production further33,42. The lactic acidosis causes 

a significant drop in the extracellular and intracellular pH as low as 6.0 to 6.58. As a 

result of the acidosis, Na+/H+ membrane pump becomes more active to offset the acidic 

environment43. The increase in sodium ions within the cells increases Na+/Ca2+ exchanger 

activity, drawing water into the cells to result in cellular edema33. The loss of adenosine 

triphosphate (ATP) contributes to dysfunction of ATP-dependent calcium pumps, leading 

to an influx of calcium ions in the cytoplasm and extracellular spaces33,40. Degradation of 

ATP produces adenosine, inosine, hypoxanthine, and xanthine molecules. The 

accumulation of calcium ions activates calpains and calcium-dependent kinases, resulting 

in damage to cellular structures. Phospholipases are also activated in the cells, which 

leads to degradation of membrane lipids and an increase in fatty acids33. 

In the context of transplantations, ischemia occurs in two phases, called warm ischemia 

and cold ischemia13,36. During warm ischemia, the blood supply of the donor organ is 

stopped. Cold ischemia then occurs by flushing the organ with a cold preservation 

solution and stored at 4°C during transportation. Warm ischemia then briefly re-occurs 

prior to the graft being transplanted into the recipient and before blood flow is re-

established13,36. Previous studies have shown that both intracellular and extracellular 

acidic pH during the start of ischemia impacts perfusion pressure levels in the tissue44. 
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Furthermore, cardiac contractability is also reduced during ischemia due to the pH 

change in both aerobic and anaerobic regions of the organ45. In a previous study 

published by our group, we were able to show that in mouse microvascular endothelial 

cells (MVECs), extracellular pH changes also altered the intracellular pH using a pH 

sensitive dye which increases in fluorescence when the pH becomes acidic46. 

 

Figure 1: Cellular biology of ischemia 

The molecular mechanisms of ischemia and physiological changes that occur within the 

cell. The shift to anerobic respiration leads to increases in lactic acid, resulting in 

intracellular acidosis. The greatest change during ischemia is the overall decreased 

production of intracellular ATP due to the acidification of the immediate surrounding 

microenvironment. This causes energy-dependent systems such as ion channels to fail, 

leading to intracellular accumulation of sodium and calcium ions. Overall, the changes in 

ionic homeostasis and energy-dependent systems can lead to cell death33,40. 
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1.2.2 Molecular Mechanism of Reperfusion Injury 

The restoration of blood flow to donated organs following transplantation into the 

recipient is called reperfusion47. Although the return of blood flow to the organs can save 

ischemic tissues, it also paradoxically causes further damage to the organ and impacts its 

viability33,47,48. During this time, the accumulated hydrogen ions become washed out 

from the cells, allowing the intracellular pH of the cells to increase, returning to 

physiological pH (Figure 2)33,40. However, the movement of protons out of the cell causes 

an increase in the proton gradient across the cell membrane, with further enhances the 

levels of calcium within the cells. Furthermore, the xanthine molecules formed during 

ischemia react to the incoming molecular oxygen during reperfusion and leads to 

superoxide anions, which break down into hydrogen peroxide and hydroxyl radicals33. 

There is an increase in reactive oxygen species (ROS) generation because ischemic cells 

have a lower concentration of antioxidative agents49. The xanthine oxidase system, 

reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase system, 

mitochondrial electron transport chain (ETC), and uncoupled nitric oxide synthase (NOS) 

system are the major sources of ROS during reperfusion49,50. The generated ROS attack 

lipid structures of the cell membranes and release proinflammatory molecules that disrupt 

membrane permeability and cause endothelial dysfunction and DNA damage33,40. 

Reperfusion causes neutrophils, CD4+ T lymphocytes, and circulating platelets to move 

into the vascular space, leading to further ROS production along with production of 

inflammatory mediators, causing tissue damage48. It also opens the mitochondrial 

permeability transition pores (MPTPs) in the inner mitochondrial membrane, increasing 

calcium levels in the mitochondria, leading to membrane rupture and cell death of 

cardiomyocytes and endothelial cells42,51–54. 
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Figure 2: Cellular biology of reperfusion 

During reperfusion, the impaired mitochondrial and cellular enzymes, dysfunction of the 

electron transport chain and reduced reactive oxygen species (ROS) scavenging leads to 

an increase in ROS within the cells33. This causes damage to lipids and DNA and also 

induces opening of the MPTP48. This uncouples oxidative phosphorylation and leads to 

the swelling of the mitochondria, causing a further decrease in ATP and the release of 

mitochondrial mediators of programmed cell death (PCD)33,40. 

1.2.3 Inflammatory Response in Ischemia-Reperfusion Injury 

The pathological changes which occur in ischemia-reperfusion injury can lead to an 

inflammatory response in the allograft which affects survival and function by activating 

the innate immune response following the transplant. Immune cells such as leukocytes 

and T cells are moved to the site of injury while the release of inflammatory molecules 

mediates local and remote tissue damage42,55. Reactive oxygen species that present during 

reperfusion are a major contributor to the inflammatory response that occurs and are 

produced from macrophages, endothelial cells, and immune cells56. When this happens, 

the insufficient numbers of endogenous free radical scavenging enzymes promote 

mitochondrial dysfunction and inflammation55. This leads to injury and cell death from 
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regulated cell death pathways, releasing damage-associated molecule patterns (DAMPs) 

and cytokines such as high mobility group box 1 (HMGB1)56. The DAMPs released by 

injured and necrotic cells are recognized by pattern recognition receptors (PRRs) 

expressed by innate immune cells and endothelial cells42,56. This causes the production of 

pro-inflammatory chemokines and cytokines, promoting leukocyte infiltration and 

complement system activation, further activating the innate immune system42. 

1.2.4 The Role of Endothelial Cells in IRI  

The endothelium is a source of nitric oxide during IRI. Typically, in healthy conditions, 

nitric oxide has been shown to cause vasodilation, which can be protective during IRI by 

allowing for increased oxygen consumption, platelet and leukocyte adhesion, and 

scavenging of free radicals40. The endothelium can also help to provide vasoactive 

substances and expresses cytokines, chemokines, and adhesion molecules to combat the 

pathological changes during IRI40. This activation of the endothelium at the site of injury 

during reperfusion can cause tissue infiltration by neutrophils and platelets, increasing 

pro-inflammatory cytokines and adhesion molecules present in the vessels40. 

1.3 Endothelial Cells in Cardiac Transplantation 

The endothelium is a thin membrane of endothelial cells that line the inside of blood 

vessels and the heart40,57,58. Endothelial cells are important in maintaining organ 

homeostasis40,57,58. Within the heart, some of the functions of the endothelium are 

regulating blood flow, vascular permeability, and maintaining vessel structure57–60. The 

endothelium regulates vascular tone through production of molecules such as nitric oxide, 

cytokines, and prostaglandins61. However, during endothelial dysfunction, there is an 

imbalance between the vasodilatory and vasoconstrictive activities of the endothelium 

mediated by oxidative stress, which can lead to or further exacerbate heart failure61–63. 

This can occur during reperfusion in cardiac transplantation when there is an increase in 

ROS following ischemia56. Furthermore, endothelial cells are considered antigen-

presenting cells, expressing the antigens which are recognized by immune cells64. As a 

result, in transplantation, endothelial cells are a target for the host immune system to 
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distinguish between self and non-self, where the immune response may lead to allograft 

rejection64,65.   

1.4 Endothelial Cell Death Pathways 

Transplantation is invariably associated with cell death, especially that of endothelial 

cells, which is the first barrier between cardiac grafts and the recipient’s immune 

system64–66. During the transplantation process and especially ischemia, apoptosis and 

necroptosis are two pathways that can be initiated due to injury to the cells or because of 

pro-inflammatory factors66. Apoptosis can be triggered by death receptors such as tumor 

necrosis factor receptor or the mitochondrial outer membrane permeabilization 

(MOMP)56,66,67. Necroptosis is a form of caspase-independent cell death which can also 

be initiated by tumor necrosis factor alpha (TNF-α) and occurs following caspase-8 

inhibition66,68. Necroptosis is mediated by receptor interacting protein kinases 1 and 3 

(RIPK1 and RIPK3)56. This form of cell death can lead to the release of inflammatory 

molecules such as HMGB1 and loss of membrane integrity66. Other forms of cell death 

such as ferroptosis and pyroptosis have been shown to impact endothelial cells in cardiac 

transplantations and cardiac-related pathologies but the pathways are not as well-defined 

as apoptosis and necroptosis69,70.  

In solid organ transplantation, chronic graft rejection is a major obstacle in the long-term 

success of the transplant71. Growing evidence points to the important role of endothelial 

cells antibody-mediated acute rejection as well as chronic rejection72. During acute 

cellular rejection, endothelial cells are attacked by HLA I and II-recognizing immune 

cells, resulting in endothelial cell lysis after the complement system is activated73. Upon 

endothelial cell injury caused by environmental or innate stress post-transplantation, 

vascular lesions can occur71,74,75. These lesions can lead to thickening of the arterial 

intima, formation of fatty plaques, and ultimately heart failure74,75. One study which used 

heterotopic abdominal heart transplants found that cardiac myocytes, endothelial cells, 

and interstitial cells became apoptotic in the first five days following the transplantation 

procedure75. Interestingly, another study showed that in IRI, endothelial cell death 

preceded myocyte cell death in the heart76. During IRI, endothelial cell function is 

disrupted causing increased endothelial permeability because angiogenic growth factor 
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expression is increased and the release of proinflammatory mediators like cytokines and 

proteases40. 

1.4.1 Apoptosis 

Apoptosis was first described in 1972 and comprises the genetically determined 

elimination of cells67. It occurs in development and aging, as well as a homeostatic 

mechanism to maintain cell populations40,67. It can also be a defense or immune 

mechanism to remove damaged cells67. Cells expressing Fas or TNF receptors can bind 

ligands and cross-link proteins to lead to apoptosis66,67. The main characteristic feature of 

apoptosis is that of cell shrinkage and pyknosis with dense cytoplasm67. The chromatin 

condenses while the plasma membrane blebs, followed by karyorrhexis and the 

separation of cell fragments into apoptotic bodies during budding. Apoptotic bodies 

contain cytoplasm with packed organelles with or without a nuclear fragment and are 

then phagocytosed. The main pathways of apoptosis are the extrinsic or death receptor 

pathway, and the intrinsic or mitochondrial pathway66,67. These two pathways converge 

on the same execution pathway which is started by caspase-3 cleavage leading to DNA 

fragmentation, cytoskeletal and nuclear protein fragmentation, protein cross-linking, 

apoptotic body formation, and phagocytic cell uptake67. Apoptosis can be initiated by two 

different death triggers, either death receptors or MOMP56,66,67. 

Intrinsic apoptosis can be controlled through intracellular signals caused by endogenous 

and exogenous stimuli such as ischemia or oxidative stress either by direct activation of 

caspase-3, by cleaving Bid (BH3 interacting domain death agonist), or other potential 

non-receptor-mediated stimuli67,77,78. When an injury occurs in the cell, p53, a sensor of 

cellular stress, will activate the pathway. It then activates pro-apoptotic proteins of the B-

cell lymphoma 2 (Bcl-2) family, such as Bcl-2 associated x protein (Bax) or Bcl-2 

homologous antagonist killer (Bak), causing a change in the inner mitochondrial 

membrane which leads to mitochondrial dysfunction67,77. This leads to MOMP, the 

opening of the MPTP and release pro-apoptotic molecules into the cytosol, such as 

second mitochondria-derived activator of caspase (SMAC)/direct inhibitor of apoptosis 

protein (IAP) binding protein with low pI (DIABLO) protein, cytochrome c, apoptosis-
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inducing factor (AIF), endonuclease G, and caspase-activated DNase (CAD)67,79,80. 

Activation of caspase-9 and downstream caspases then occurs67,78. 

Extrinsic apoptosis is controlled by transmembrane death receptors and is dependent on 

caspase-8 (Figure 3)67,77. The two initial receptors are either the first apoptosis signal 

receptor (Fas) or tumor necrosis factor receptor 1 (TNFR1). The binding of Fas ligand to 

Fas receptor recruits Fas-associated death domain protein (FADD) and pro-caspase-8 to 

form a death-inducing signalling complex (DISC). DISC then cleaves or activates 

caspase-8, triggering activation of caspase-367. Caspase-3 then activates the endonuclease 

caspase-activated DNase (CAD) to cause double-stranded DNA breaks and DNA 

fragmentation67,81. 

1.4.2 Necroptosis 

Necroptosis is a caspase-independent necrotic pathway, otherwise known as programmed 

or regulated necrosis34,40,56,66. It shares several features with accidental cell death, 

including organelle swelling, plasma membrane rupture, cell lysis, and leakage of 

intracellular components leading to secondary inflammatory responses66,82.  

Necroptosis is regulated by receptor-interacting protein kinases 1 and 3 (RIPK1 and 

RIPK3), and downstream pseudokinase mixed-lineage kinase domain-like (MLKL) 

(Figures 3 and 4)56,68,77,83. It is induced by death receptors including Fas and TNFR168,77. 

It can also be inhibited by necrostatin-1, a synthesized small molecule inhibitor of 

RIPK156,68,83,84. Once TNFR1 is stimulated, the TNFR associated death domain 

(TRADD) is recruited to the plasma membrane. This recruits RIPK1, cellular inhibitors 

of apoptosis 1 and 2 (cIAP1 and cIAP2), linear ubiquitin chain assembly complex 

(LUBAC), and TNF receptor associated factor 2 and 5 (TRAF 2 and TRAF 5) to form 

complex I66,77. When RIPK1 is ubiquitinylated due to cIAP 1, cIAP2, and LUBAC, 

nuclear factor-κB is activated to lead to cell survival. However, deubiquitylation of the 

K63 and linear ubiquitin chains of RIPK1 by enzymes A20 and cylindromatosis (CYLD) 

promotes cell death instead of survival as RIPK1 is dissociated from complex I66,77,85. 

RIPK1 then complexes with FADD, pro-caspase-8, and cellular FLICE-like inhibitory 

protein (c-FLIP) to form DISC or complex IIa. c-FLIP prevents caspase-8 activation and 
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processing, thus inhibiting apoptosis77. RIPK1 and RIPK3 interaction following 

deubiquitylation leads to the formation of the necrosome complex IIb through 

autophosphorylation and transphosphorylation66,68,77. RIPK1 and RIPK3 interact via 

intrinsic RIP homotypic-interacting motifs (RHIMs) to form a complex called the 

necrosome77,86–88. This complex then leads to the phosphorylation of MLKL via RIPK3, 

promoting MLKL oligomerization and movement into the plasma membrane66,77,86,89,90. 

This process results in membrane permeabilization and calcium efflux. The MLKL 

oligomer binding to the plasma membrane phosphatidylinositol phosphates leads to 

membrane pore openings and recruitment of ion channels, resulting in flux of ions such 

as calcium, sodium, and potassium68,77,86,88,89. This membrane permeabilization induces 

the release of cellular plasma material and danger-associated molecular patterns 

(DAMPs) that can promote inflammation. This DAMP-dependent systemic inflammation 

of feedback is referred to necroinflammation77,89. DAMPs include high-mobility group 

box 1 (HMGB1), cyclophilin A (CypA), and heat shock proteins89. Proinflammatory 

cytokines and chemokines may enter circulation due to inflammasome activation and cell 

lysis. Mitochondrial DNA can also be a cellular DAMP after release from the 

mitochondria77,89. This is measurable in systemic circulation in inflammatory diseases. 

Nuclear DNA degradation is a hallmark of cell death, and it has been well-documented 

that DNA degradation in apoptosis is mainly dependent on caspase activated 

DNAases67,91,92. However, the molecular mechanism for DNA degradation in necroptosis 

is not clear and requires further investigation. 
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Figure 3: Pathway of apoptosis vs. necroptosis 

In the context of ischemia-reperfusion injury, the major pathways of cell death include 

apoptosis and necroptosis66,93. The upstream pathway of extrinsic or death receptor-

mediated apoptosis and necroptosis are shared, beginning with ligation of TNF-α with 

TNFR166,77. This binding then recruits TRADD, cIAP1/2, LUBAC, TRAF2/5, and 

RIPK1 to the receptor to form complex I66,77. DISC is then formed with FADD, TRADD, 

RIPK1, and cFLIP in apoptosis94. cFLIP forms a complex with caspase-8 to suppress 

protease activity94. DISC results in the auto-catalytic activation of pro-caspase-8, leading 

to caspase-8 activation, triggering the execution phase of apoptosis67. When caspase-8 is 

inhibited, such as with caspase-8 inhibitor Z-Ile-Glu-Thr-Asp-Fluoromethylketoe (z-

IETD-fmk), complex IIb (necrosome) is formed instead with RIPK1, RIPK3, and 

MLKL68,77. This leads to necroptosis in the cell68,77,86. The mitochondria play an 

important role in these pathways especially in necroptosis as suggested by several 

studies77,85,95. 
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Figure 4: Downstream pathway of necroptosis 

The most established pathway of necroptosis is initiated by the ligation of TNF-α to 

TNFR177. This recruits TRADD, TRAF 2, TRAF 5, LUBAC, and RIPK1 to form 

complex I. RIPK1 can be ubiquitylated to lead to a pro-survival NF-κB pathway and can 

be inhibited with necrostatin-1 stable (nec-1s). The deubiquitylation of RIPK1 leads to 

the formation of complex IIa and then complex IIb after RIPK1 interacts with RIPK377. 

The auto-phosphorylation and trans-phosphorylation of RIPK1 and RIPK3 then causes 

the phosphorylation of MLKL, initiating the downstream mechanisms of necroptosis77,85. 

The necrosome complex moves into the mitochondria where phosphorylated MLKL is 

oligomerized and translocates to the plasma membrane to cause membrane 

permeabilization, increase in calcium and sodium ion influx, and release of DAMPs 

which can promote distal tissue inflammation68,77,86,96. AIF and EndoG have been 

implicated in DNA degradation after translocation to the nucleus from the 

mitochondria97–99.  

1.4.2.1 Ferroptosis, Oxytosis, and Pyroptosis 

Ferroptosis, oxytosis, and pyroptosis have been implicated in ischemia and IRI100–102. 

Ferroptosis is a regulated form of necrosis that uses iron-dependent lipid peroxidation to 
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function and can be inhibited by glutathione peroxidase 485,86,102,103. It is characterized by 

lytic cell death, decreased mitochondrial membrane densities, reduction of the 

mitochondrial cristae, leading to mitochondrial membrane rupture85. Ferroptosis is 

induced by the compound erastin which inhibits the antiporter system Xc
- by reducing 

glutathione levels85,103. System Xc
- allows for the exchange of intracellular glutamine and 

extracellular cysteine exchange85,103. This leads to the accumulation of lipid peroxidation 

and an increase in iron mediated reactive oxygen species (ROS).  

Oxytosis also involves the inhibition of system Xc
-, where the production of ROS and the 

opening of cyclic GMP (cGMP)-gated channels lead to the influx of extracellular calcium 

ions85,104. 

Pyroptosis is a lytic cell death form which is present in inflammatory and non-immune 

cells such as macrophages and endothelial cells respectively77. It can be triggered by 

bacteria, pathogens, and endotoxins. Following lysis, the membrane remains, helping to 

trap pathogens using pore-induced intracellular traps, release of DAMPs, and the 

movement of neutrophils to limit local inflammation77. 

1.4.2.2 Parthanatos 

Parthanatos is another regulated form of necrosis that involves the overexpression of a 

nuclear protein poly adenosine diphosphate-ribose (ADP-ribose) polymerase 1 or PARP-

1, which attaches a negatively charged polymer poly (ADP-ribose) (PAR) to 

itself85,105,106. Under normal physiological conditions, PARP-1 detects DNA damage 

leading to the synthesis of PAR chains and mediates the repair of various types of DNA 

damage including single-strand breaks, double-stranded breaks, and chromatin 

modification105–107. However, when there is excessive DNA damage, PARP-1 becomes 

overactivated107–109. This has also been shown to occur during IRI110. This activated 

PARP transfers ADP-ribose from nicotinamide adenine dinucleotide (NAD+), a co-factor 

in glycolysis and the citric acid cycle, to targets including apoptosis-inducing factor 

(AIF)108,109. Translocation of AIF from the mitochondria into the nucleus facilitates large-

scale (50 kilobases) DNA fragmentation and cell death105,111. The NAD+ 

overconsumption leads to NAD+ depletion which impacts ATP generation causing cell 
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death, namely parthantos108,112. Downstream of AIF, the nuclease macrophage migration 

inhibitor factor (MIF) was shown to be involved in large-scale DNA fragmentation in 

parthanatos113. 

1.5 Mitochondrial Permeability Transition Pore 

The mitochondrial permeability transition pore (MPTP) is important in cell death 

pathways and is located in the inner mitochondrial membrane42,51,112. When the MPTP 

opens, the inner membrane becomes non-selectively permeable to low molecular weight 

molecules below 1.5 kDa114,115. Following pore openings, the mitochondria become 

depolarized which triggers mitochondrial swelling due to increased osmotic 

pressure112,114,115. Various molecules are released from the mitochondria, which are not 

limited to calcium ions and pro-apoptotic molecules from the intermembrane space such 

as cytochrome c112,115. In ischemia-reperfusion injury, the mitochondria are depolarized 

during ischemia due to anerobic metabolism47. The MPTP is inhibited during ischemia 

due to low pH but is opened once reperfusion raises the intracellular pH to 7 and above47.  

1.6 Apoptosis-Inducing Factor 

Mitochondrial molecules may contribute to DNA damage and impact cell death 

pathways110,116–118. The mitochondrial apoptosis-inducing factor (AIF) is a protein with 

NADH oxidase activity located in the inner mitochondrial membrane110,111,116,119–121. It 

can be considered an oxidoreductase in the mitochondria and has a pro-apoptotic function 

in the nucleus110,111,116,119–121. In the nucleus, AIF is synthesized from a nuclear gene as a 

precursor form of 67 kDa116,122,123. It is then translocated to the mitochondria and 

processed via proteolytic cleavage to a mature form of 62 kDa116,122. In this 

configuration, AIF becomes an inner membrane-anchored protein, with a N-terminal 

exposed to the mitochondrial matrix and a C-terminal exposed to the intermembrane 

space111,116,122. The C-terminal of AIF encloses its pro-apoptotic function, with five anti-

parallel β-strands, two α-helices, and a large loop121. AIF plays a role in the respiratory 

chain stability and maintenance of the mitochondrial structure116,121. AIF can be cleaved 

by cysteine proteases such as calpains and cathepsins to yield soluble tAIF (57 kDa), an 

apoptogenic protein80,116,122,124,125. It is then released from the mitochondria to the cytosol 
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following permeabilization of the outer mitochondrial membrane120,122. This is done by 

proteins such as Bax which regulate tAIF through outer mitochondrial membrane 

pores116,126. tAIF then interacts with different targets in the cytosol116. In PCD, tAIF 

translocates to the nucleus127. This translocation from the cytoplasm into the nucleus is 

positively regulated by CypA and negatively regulated by heat shock protein 70 

(Hsp70)116,122,124,127,128. PARP-1 has also been shown to mediate release of AIF, a 

downstream molecule in parthanatos, in a caspase-independent manner110,119,122,127. AIF 

has also been shown to be involved in caspase-independent necroptosis97,98. Once in the 

nucleus, the truncated form of AIF associates with phosphorylated histone H2AX 

(γH2AX) and CypA to provoke caspase-independent chromatin condensation, DNA 

degradation, and cell death91,116,119,122,125,127. The DNA degradation was shown to be in 

20-50 kb fragments124. This nuclear translocation and induction of DNA damage has 

been shown to occur in response to pathologies including ischemia and cancer123,129. AIF 

does not have intrinsic endonuclease activity, so AIF-mediated DNA degradation 

depends on downstream nucleases124. There has been research suggesting cooperation 

between AIF and EndoG, released in a caspase-independent manner116,124. There is also 

the nuclease macrophage migration inhibitor factor (MIF) which is implicated in 

parthanatos113.  

AIF is a promising target in addressing end-stage mechanisms in cell death such as 

nuclear fragmentation which are relevant to transplant rejection and allograft rejection131. 

A previous study in our lab found that cyclophilin D (CypD), an important molecule in 

formation of MPTP, may regulate the nuclear translocation of AIF132. 

1.7 Study Rationale 

Extended ischemic time during cardiac transplant has been associated with worse 

outcomes11,38,39. IRI leads to a decrease in intracellular and extracellular pH due to the 

change to anaerobic metabolism in ischemia33,34,46. Many clinical trials have failed to 

prevent IRI and there is currently no treatment which completely prevents IRI133. 

Understanding the mechanism of cell death under low pH condition will help to develop 

specific treatment. In this project, we aimed to determine the role that AIF may have in 

ischemia by mimicking the acidic conditions that occur during ischemia.  
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1.8 Hypothesis 

In an acidic extracellular environment, cell death patterns will be altered, and apoptosis-

inducing factor will translocate into the nucleus to facilitate nuclear fragmentation. 

1.9 Study Aims 

(1) To investigate the translocation of AIF from the mitochondria to the nucleus in 

necroptosis induction at physiological pH conditions and at acidic conditions. 

(2) To demonstrate DNA fragmentation in the nucleus following AIF translocation, 

(3) To study the role of PARP-1 in AIF translocation and DNA damage at acidic and 

physiological pH conditions, 

(4) To identify the nuclease which participates in AIF mediated-DNA damage. 
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Chapter 2  

2 Materials and Methods 

2.1 Mice 

Wild-type (WT) male inbred C57BL/6 (B6) mice were purchased from the Jackson 

Laboratory (Bar Harbor, ME, USA). The mice were maintained in the Animal Care and 

Veterinary Services facility at Western University. The animal use protocol (AUP 2019-

131) and experimental procedures were approved by the institutional Animal Care 

Committee. 

2.2 Endothelial Cell Culture 

Murine MVECs were isolated as previously described and previously harvested frozen 

cell cultures were used131. WT B6 male inbred mice were euthanized with carbon 

dioxide. Heart ventricles were collected from 3 weeks old wild-type B6 mice and minced 

to remove the blood cells after being washed in phosphate buffer. Aortic tissue and atria 

were removed. Minced hearts were then incubated in a digestion buffer with collagenase 

II (1 mg/mL; Sigma-Aldrich) at 37°C for 40 minutes. Debris were removed with a 100 

μm nylon mesh filter (Thermo Scientific). Cell suspension was then incubated with anti-

CD31 coated Dynabeads™ M450 beads (Thermo Scientific) for 30 minutes and then 

washed in a magnet block (MACS, Miltenyi Biotec) three times. CD31-positive cells 

were then grown in complete Endothelial Cell Basal Medium-2  (EBM-2; Lonza) 

supplemented with 5% fetal bovine serum (FBS), 0.04% hydrocortisone, 0.04% hFBF-b, 

0.1% VEGF, 0.1% R3-IFG-1, 0.1% ascorbic acid, 0.1% hEGF, and 0.1% GA-1000 

(Lonza) . MVECs were immortalized through transfection of origin-defective SV40 DNA 

using the calcium-phosphate co-precipitation method (Invitrogen)131. MVEC phenotype 

was confirmed using flow cytometry confirming the presence of CD31, CD102, and 

CD105131. The percent positivity of CD31, CD102, and CD105 were 69.8%, 86.9%, and 

80.3% respectively. 

Normal cell culture medium used to grow the endothelial cells was prepared by 

supplementing 1 g/L glucose Dulbecco’s Modified Eagle Medium (DMEM; Gibco) with 
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10% FBS and 1% penicillin/streptomycin. The phenotype of MVECs was re-confirmed 

with flow cytometry following the switch from EBM-2 to DMEM. Cells were kept in a 

humidified incubator (37°C; 5% CO2).  

The MVECs were initially thawed from frozen vials originating from the same culture 

and passage. To passage, adherent cells were washed with 1x Dulbecco’s phosphate-

buffered saline (DPBS) before being dissociated from plastic with 0.25% trypsin (Gibco). 

Cells were passaged a maximum of ten times before being discarded. 

2.3 Cell Death Assay 

2.3.1 pH Adjustment of Cell Media 

Culture medium, DMEM (Gibco), in a powder form with low glucose (1000 mg/mL) and 

glutamine but lacking sodium bicarbonate and serum was re-constituted using tissue 

culture grade water. The media was warmed in the incubator for one hour to reach a 

temperature of 37°C before the pH was measured using a pH meter (Hach Company). 

Following this, the media was adjusted using hydrochloric acid to pH 6.5 to be used in 

the cell death assays to stimulate the acidic conditions that occur during ischemia. 

Ischemic rat hearts were shown to have measurements of pH between 5.5 to 6.8, while 

another publication stated that the intracellular and extracellular pH during ischemia 

could fall as low as 6.0 to 6.58,134,135. In addition, it has been reported that the pH in 

ischemic solid tissues can fall by one or more logarithmic units of pH112. A pH of 6.5 was 

selected because ischemic times are limited as much as possible for cardiac 

transplantations, suggesting that the measured change in pH would be on the lower side 

of the spectrum11,37–39. Cell culture medium measured at pH 7.4 was used as a 

comparison of normal physiological conditions. 

2.3.2 Real-Time Cell Death via IncuCyte  

Cell death was detected and quantified through real-time imaging using the IncuCyte 

ZOOM® Live Cell Analysis System (Sartorius). SYTOX™ Green Nucleic Acid Stain 

(Invitrogen) at 100 nM to indicate cell death as it crosses the permeabilized plasma 

membranes of dead cells, staining the nucleic acid. It is excited at 440-480 nm in the 
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IncuCyte and green fluorescence is captured at 504-544 nm, to help distinguish dead cells 

with positive SYTOX™ Green Nucleic Acid Stain from live cells. Cells were cultured to 

a ~70% confluent monolayer in clear 96-well plates (4 x 103 cells/well) and treated with 

the following reagents. Human TNF-α (hTNF-α, 20ng/well, PeproTech) [T] was used to 

induce cell death. SMAC mimetic (BV6, 0.1 μM, APExBIO) [S] was added to prevent 

the function of inhibitor of apoptosis proteins (IAPs), causing caspase activation and 

leading to apoptotic cell death136,137. Apoptosis was blocked using caspase-8 inhibitor Z-

Ile-Glu-Thr-Asp-Fluoromethylketoe (IETD, 30 μM, APExBIO) [I]138. RIPK1 inhibitor 

necrostatin-1 stable (Nec-1s, 10 μM, BioVision) [N] was added to inhibit necroptosis84. 

The CypA inhibitor, Alisporivir (DebioPharm) was used at 0.25-50 μM to prevent AIF 

translocation139,140. The PARP-1 inhibitor, 3 aminobenzamide (3-ABA, Sigma-Aldrich) 

was used at 1-200 μM to inhibit parthanatos99. Using dose response curves to see the 

inhibitory effects of Alisporivir and 3-ABA on cell death at pH 7.4 and 6.5, 4 µM of 

Alisporivir and 100 µM of 3-ABA were selected for this project. As a positive control, 

0.1% Triton™ X-100 (TX100), a non-ionic surfactant, was used to induce 100% cell 

death by permeabilizing cellular and nuclear membranes. This was then used to calculate 

the percentages of cell death in all treatment groups. 

2.3.3 Cell Death and Apoptosis Quantification with Flow Cytometry 

Cell death was also confirmed using propidium iodide (PI) and annexin V labelling. Cells 

were grown to a ~70% confluent monolayer in a 12-well plate (105 cells/well) and treated 

with the previously listed concentrations of TNF-α, SMAC, IETD, necrostatin-1s for the 

following treatment groups: untreated [UT], TS, TSI, TSN, TSIN. Following a 12-hour 

death assay, the spent media culture was collected in round-bottom polystyrene test tubes 

labelled for each treatment. The cells were washed with DPBS before 0.25% trypsin was 

added to the wells to dissociate the cells from the plates. The reaction was stopped with 

DMEM supplemented with 10% FBS and the liquid was added to the test tubes. The 

tubes were then centrifuged for 5 minutes at 500 g and the pellets were resuspended in 

annexin V-PI binding buffer. Stains for annexin V (BD Pharmingen) and propidium 

iodide (BD Pharmingen) were added to the tubes and incubated in the dark for 15 

minutes before additional annexin V binding buffer was added to the cell suspension. 
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Samples were then run on a 4-laser CytoFLEX S flow cytometer (Beckman Coulter) with 

the following laser gains for the respective channels: 50 FSC, 50 SSC, 20 FITC (for 

annexin V), 10 PerCP (for propidium iodide). Unstained healthy cells, cells stained with 

annexin V only, and cells stained with PI only were used for compensation. Experiments 

were repeated at least three times.  

2.4 Immunocytochemistry 

To visualize AIF translocation from the mitochondria into the nucleus of endothelial cells 

undergoing apoptosis and necroptosis, endothelial cell cultures in 96-well plates coated 

with poly-D-lysine (Gibco) were subjected to the cell death assays described earlier. The 

timepoint where cell death began to sharply increase in the various treatment groups was 

used as the endpoint. At this timepoint, the cells were washed with DPBS and fixed with 

4% paraformaldehyde (Thermo Scientific) in DPBS at pH 7.4 for 30 minutes at room 

temperature. The cells were then washed for five minutes thrice with DPBS-T (DPBS 

with 0.1% Tween-20) before being incubated with 0.25% TX100, in DPBS at room 

temperature for 10 minutes to permeabilize all lipid membranes. Cells were washed 

thrice for five minutes again with DPBS-T (used for all subsequent washes) before being 

incubated in a blocking solution (3% bovine serum albumin (BSA), 22.52 mg/mL 

glycine, 0.1% Tween-20, 10% normal goat serum) for one hour at room temperature to 

decrease non-specific antigen binding and background fluorescence. Following this, the 

cells were incubated with primary rabbit anti-mouse AIF antibody (Abcam) diluted in 1% 

BSA in DPBS with 0.1% Tween-20 at a concentration of 1:1000 overnight at 4°C. The 

following day, the cells were washed again 3x for 5 minutes each with DPBS and then 

incubated with a secondary biotinylated goat anti-rabbit IgG antibody (H+L) (Vector 

Laboratories) diluted at 1:500 in 1% BSA in DPBS with 0.1% Tween-20 for one hour. 

Afterwards, the secondary antibody was removed, and the cells were incubated with PE-

conjugated streptavidin (eBioscience) for one hour. The cells were washed 3x for 5 

minutes with DPBS-T and the nuclei were then counterstained with 150 nM DAPI 

dilactate (Invitrogen) in DBPS for five minutes. The cells were washed 3x for 5 minutes 

with DPBS-T before adding in fresh DPBS to the wells. Cells were then imaged using an 

Inverted Research Microscope ECLIPSE Ts2R (Nikon) at 20x and 40x magnification. 
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In order to see whether or not endonuclease G (EndoG) participates with AIF to cause 

nuclear fragmentation, the same protocol for immunocytochemistry staining was 

performed as indicated above. The primary antibody was anti-mouse EndoG (Santa Cruz 

Biotechnology) diluted at 1:500 in 1% BSA in DPBS with 0.1% Tween-20 and incubated 

overnight at 4°C. The secondary antibody was a biotinylated goat anti-mouse IgG 

antibody (H+L) (Chemicon, Sigma-Aldrich) diluted at 1:250 in 1% BSA in DPBS with 

0.1% Tween-20 and incubated for one hour.  

2.4.1 Quantification of Positive Nuclear Translocation 

Images of AIF or EndoG red immunofluorescence or nuclear blue fluorescence were 

taken of the cells following immunocytochemistry and were then quantified for positive 

nuclear translocation of AIF or EndoG following the death assay. Cell used for repeated 

experiments came from frozen cell cultures which initially originated from the same 

flask. In each experiment, there were at least three replicate wells per treatment on the 

96-well plates used at pH 7.4 and 6.5, so at least one photo was taken of each well at 20x 

magnification. The overall experiment was repeated three times at each pH. Total number 

of cells and total positive cells were manually counted by two individuals blinded to the 

treatment and the percentage of positive nuclear translocation was averaged between the 

two counts per image.   

2.5 RNA Interference Silencing 

Wild-type endothelial cells were seeded onto 6-well plates at 60-80% confluency (100-

150 x 103 cells/well). The cells were washed with DPBS twice before transfection of 

Aifm1 siRNA (Dharmacon) using EndoFectin™ Max transfection reagent in Opti-

MEM™ media. The pre-designed target sequence was GAGUAGAGCAUCAUGAUCA. 

A dose-response from 5-200 nM of the mouse Aifm1 siRNA was performed to determine 

the optimal concentration of siRNA. Based on the data from RT-qPCR, a concentration 

of 50 nM was selected for the study. The AIF-silenced cells were collected from the plate 

with 0.25% trypsin after a 24-hour transfection before being plated on 96-well plates to 

run cell death assays as described earlier. Endothelial cells with only EndoFectin™ Max 
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transfection reagent in Opti-MEM™ media were used as a control for RT-qPCR and for 

the cell death assays following silencing. 

2.6 RT-qPCR 

siRNA-induced silencing of Aifm1 expression was confirmed using RT-qPCR at 24 hours 

post-transfection. Total RNA from Aifm1 siRNA transfected and control cells were 

extracted using the Qiagen RNeasy Mini Kit following the manufacturer’s protocol. The 

concentration and purity of the isolated RNA was measured using the GENESYS™ 10S 

UV-Visible spectrophotometer (Thermo Scientific) and 500ng of RNA was used for 

cDNA synthesis. cDNA was generated from the RNA using the OneScript® Plus cDNA 

Synthesis Kit (ABM). RT-qPCR was run using the PowerTrack™ SYBR Green Master 

Mix (Applied Biosystems) on the CFX Connect™ Real-Time PCR Detection System 

(Bio-Rad). The Aifm1 primers used were as follows: Aifm1 forward primer (5’ – 3’) GTA 

GAT CAG GTT GGC CAG AAA CTC and Aifm1 reverse primer (3’ – 5’) GGA TTA 

AAG GCA TGT GCC AAC ACG. β-actin was used as an internal control for gene 

expression and the primers were as follows: β-actin forward primer (5’ – 3’) CCA GCC 

TTC CTT CCT GGG TA and β-actin reverse primer (3’ – 5’) CTA GAA CAT TTG 

CGG TGC A. The ΔCt values for Aifm1 and β-actin were used to calculate the 2-ΔΔCt for 

expression fold change. 

2.7 Western Blots 

siRNA-induced silencing of Aifm1 was also confirmed with western blot analysis at 24 

hours post-transfection. Total protein from control (EndoFectin™ Max transfection 

reagent only in Opti-MEM™ media) and Aifm1 siRNA-transfected (50 nM of siRNA and 

EndoFectin™ Max transfection reagent in Opti-MEM™ media) cells were extracted 

using RIPA Lysis Buffer System (Santa Cruz Biotechnology). The concentration and 

purity of the protein was measured against a BSA standard curve using the Pierce™ BCA 

Protein Assay Kit (Thermo Scientific) following the manufacturer’s protocol. 

Absorbance values were measured on the iMark™ Microplate Absorbance Reader at a 

wavelength of 570 nM. The isolated protein samples were then denatured by boiling in a 

loading buffer (4% SDS, 5% β-mercaptoethanol, 20% glycerol, 0.0004% bromophenol 
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blue, 0.125 M Tris-HCl; pH adjusted to 6.8) at 95°C for 5 minutes. The protein samples 

were then equally loaded (40 µg/well) into the wells of an SDS-PAGE gel made of a 4% 

acrylamide stacking gel and 12% acrylamide resolving gel. The gel was run at 60V 

through the stacking gel and 100V for the resolving gel in the electrophoresis system with 

a 1x running buffer (25 mM Tris base, 192 mM glycine, 0.1% SDS; pH adjusted to 8.3). 

The separated protein samples were transferred onto a polyvinylidene fluoride (PVDF) 

membrane activated with methanol in transfer buffer (25 mM Tris-HCl, 192 mM glycine, 

20% v/v methanol; pH adjusted to 8.3) using a wet-tank transfer system. The transfer 

cassette was made with a PVDF membrane, filter paper, fiber pads, and the SDS gel 

surrounded by ice and run at 90V for 70 minutes. After the proteins were transferred onto 

the PVDF membrane, the transfer membrane was blocked with 5% low-fat skim milk in 

TBS-T (20 mM Tris base, 150 mM NaCl, 0.1% Tween-20), except in the case of 

phosphorylated RIPK1 (p-RIPK1), where 3% BSA dissolved in TBS-T was used instead, 

on a shaker for 1 hour at room temperature. The PVDF membrane was then incubated 

with primary rabbit anti-mouse AIF monoclonal antibody (Cell Signaling Technology) 

diluted 1:1000 in 2.5% non-fat dry milk in TBS-T overnight at 4°C. The PVDF 

membrane was then washed three times for 15 minutes with TBS-T before being 

incubated with secondary goat anti-rabbit IgG HRP-linked antibody (Cell Signaling 

Technology) diluted 1:1000 in 2.5% non-fat dry milk in TBS-T overnight at 4°C. The 

membrane was washed 3x for 10 minutes with TBS-T before it was incubated with 

Immobilon Western Chemiluminescent HRP Substrate (Millipore) for 5 minutes at room 

temperature. The PVDF membrane was then imaged on the FluorChem M Imaging 

System (ProteinSimple). The housekeeping gene GAPDH (Santa Cruz Biotechnology) 

was used as a loading control and densitometry analysis was performed with the software 

package AlphaView (ProteinSimple). 

In addition to confirming siRNA-induced silencing of the Aifm1 gene, western blots were 

also run to determine total RIPK1 and phosphorylated RIPK1 protein expression 

following a death assay as described above. Cells were treated at pH 7.4 and 6.5 for 3 

hours before being lysed with the RIPA Lysis Buffer System (Santa Cruz Biotechnology) 

as described above. The primary antibodies were rabbit anti-mouse polyclonal phospho-

RIPK1 (Ser166) (Invitrogen) and rabbit anti-mouse monoclonal RIPK1 (Abcam) were 



27 

 

diluted 1:1000 and the secondary antibody was a goat anti-rabbit IgG HRP-linked 

antibody (Cell Signalling Technology). GAPDH (Santa Cruz Biotechnology) was used as 

a loading control. 

2.8 DNA Gel Analysis 

To analyze AIF-mediated degradation of DNA, endothelial cells were cultured on 6-well 

plates to about 70% confluency and treated as described in section 2.3.2 for up to 45 

hours at pH 6.5 and 7.4. The supernatants were collected and centrifuged to collect any 

floating or dead cells. The adherent cells were combined with pelleted cells before being 

lysed overnight at 56°C with 0.5 mg/mL proteinase K dissolved in a cell lysis buffer (50 

nM NaCl, 5 mM EDTA, 5 mM Tris at pH 8, 20 mM DTT, 1% SDS). The lysates were 

centrifuged at 1600 × g room temperature to pellet cell debris and supernatants were 

transferred to fresh tubes for phenol-chloroform extraction. An equal volume of 

phenol:chloroform:isoamyl alcohol (25:24:1) was added to the samples and vortexed for 

one minute to mix. Samples were then centrifuged at 1600 × g for 5 minutes, and the 

upper aqueous layer was moved into clean tubes. Ethanol precipitation was conducted by 

adding 1 μL of 20 mg/mL glycogen, 0.5 x sample volume of 7.5 M NH4OAc, and 2.5 x 

sample volume of 100% ethanol to the aqueous samples. The samples were placed at -

20°C overnight to precipitate the DNA, centrifuged for 10 minutes at 1600 × g at 4°C to 

form a DNA pellet which then underwent two 70% ethanol washes before being air dried 

and dissolved in 1x TE buffer. DNA was quantified using the DS-11 DNA Quantification 

Spectrophotometer (DeNovix). In a 1% agarose gel, 500 ng of DNA was loaded per lane. 

For DNA visualisation, the agarose gel was stained with SYBR™ Safe DNA gel stain 

and imaged on the ProteinSimple FluorChem M Imaging System.  

2.9 Statistical Analysis 

Statistical analysis was completed using GraphPad Prism 8. The data is represented as the 

mean ± SD with at least 3 independent measurements or biological replicates in an 

experiment. Each experiment was repeated at least 3 times. Data was analyzed using 

Student’s t-test for paired values and 1- and 2-way analysis of variance (ANOVA) with 
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Tukey’s post-hoc corrections test. Differences were considered statistically significant 

when the p-value ≤ 0.05.  



29 

 

Chapter 3  

3 Results 

3.1 Acidic pH Inhibits TNF-α-Mediated Necroptosis in 
Endothelial Cells 

Wild type microvascular endothelial cells were used to determine the impact of pH on 

cell death. TNF-α, SMAC-mimetic BV6, caspase-8 inhibitor z-IETD-fmk, or RIPK1 

inhibitor necrostatin-1s were added to the wild type B6 MVEC cultures using media that 

was adjusted to either 7.4 or 6.5. In the pH 7.4 treatments, the addition of TNF-α and 

BV6 increased cell death compared to untreated (UT) cells (Figure 5). Adding z-IETD-

fmk also increased cell death more than untreated cells, suggesting necroptotic cell death. 

Necroptosis was inhibited with RIPK1 inhibitor necrostatin-1s, lowering cell death levels 

almost to baseline in the TNF-α + BV6 + z-IETD-fmk + necrostatin-1s group. 

However, changes to cell death levels were seen in the pH 6.5 treatments. While the 

addition of TNF-α and BV6 increased cell death compared to untreated cells, the 

combination of TNF-α, BV6, and z-IETD-fmk showed an inhibition of cell death as 

measured by the Incucyte Image system (Figure 6). Hence, our data showed that low pH 

conditions altered necroptotic cell death to an apoptosis-like cell death.  

While the Incucyte detects cell death via nuclear uptake of SYTOX Green, flow 

cytometry was used as a second method to confirm the cell death modality by detecting 

annexin V and propidium iodide positive cells for treatments at pH 6.5 (Figure 7). 

Annexin V detects phosphatidylserine, a cell membrane component which translocates 

from the inner to outer membrane leaflets during apoptosis, exposing itself to the external 

environment of the cells. Propidium iodide binds double stranded DNA in cells when 

both cell and nuclear membranes become permeable. The death assays on the Incucyte 

also showed that the rate of cell death reached its peak at around the 12-hour mark for 

MVECs at both pH 7.4 and 6.5. Thus, the immunocytochemistry experiments which 

examined AIF translocation were performed 12 hours after the start of the death assays. 
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Figure 5: Apoptosis and necroptosis in endothelial cells at pH 7.4 
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(A) WT B6 endothelial cells were cultured in a 96-well plate in triplicate to ~70% 

confluency. Complete cell culture media was replaced with medium lacking 

antibiotics and serum at physiological pH of 7.4. hTNF-α at 20ng/well [T], SMAC 

mimetic at 0.1 μM [S], IETD at 30 μM [I], and Nec-1s at 10 μM [N] were added to 

simulate the ischemic environment. SYTOX™ Green Nucleic Acid Stain at 100 nM 

was used as a nuclear stain to indicate dead cells. Cell death was detected and 

quantified using the IncuCyte ZOOM® Live Cell Analysis System. For positive 

control (not shown), 0.1% Triton™ X-100 (TX100), a non-ionic surfactant was used 

to induce 100% cell death and to calculate the percent of cell death in all treatments. 

(B) Data at 12 hours from the start of the death assay are shown as mean ± SD and 

representative of at least 3 independent experiments; n=3; ****p≤0.0001, ns = non-

significant (p-value ≥ 0.05); 1-way ANOVA; Tukey’s multiple comparisons test. 
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Figure 6: Inhibition of necroptosis in endothelial cells at pH 6.5 
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(A) WT B6 endothelial cells were cultured in a 96-well plate in triplicate to ~70% 

confluency. To model acidosis which occurs in ischemia, complete cell culture was 

replaced with prepared culture medium adjusted to pH 6.5. hTNF-α at 20ng/well [T], 

SMAC mimetic at 0.1 μM [S], IETD at 30 μM [I], and Nec-1s at 10 μM [N] were 

added to stimulate an ischemic environment. SYTOX™ Green Nucleic Acid Stain at 

100 nM was used as a nuclear counterstain to indicate dead cells. Cell death was 

detected and quantified using the IncuCyte ZOOM® Live Cell Analysis System. For 

positive control (not shown), 0.1% Triton™ X-100 (TX100) was used to induce 

100% cell death and to calculate the percent of cell death in all treatments. 

(B) Data at 12 hours from the start of the death assay are shown as mean ± SD and 

representative of at least 3 independent experiments; n=3; ****p≤0.0001, 

***p≤0.0002, **p≤0.0021, *p≤0.0332, ns = non-significant (p-value ≥ 0.05); 1-way 

ANOVA; Tukey’s multiple comparisons test. 
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Figure 7: Cell death at pH 6.5 mainly leads to apoptosis in endothelial cells 
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Flow cytometry results using Annexin V and propidium iodide staining. MVECs were 

subjected to the cell death assay as previously mentioned at pH 6.5 for 12 hours. Results 

were quantified for cell death. The cell death modality was mainly apoptosis based on the 

Annexin V and propidium iodide staining results. 

(A) Cell death was analyzed using flow cytometry by staining for Annexin V and 

propidium iodide. 

(B) Quantification of cell death from flow cytometry results were calculated, n=3; 

*p≤0.0332, ***p≤0.0002, **** p≤0.0001. Data is represented as mean ± SD. 1-way 

ANOVA; Tukey’s multiple comparisons test. 

3.2 RIPK1 Function Is Unchanged at Acidic Conditions 

As measurements of cell death using the Incucyte and flow cytometry showed that 

necroptosis was inhibited at acidic pH, it was important to see if mediators of necroptosis 

were also affected due to the acidic cellular environment, specifically with regards to 

RIPK1. In the pathway of necroptosis, RIPK1 becomes phosphorylated and complexes 

with RIPK3 before leading to MLKL oligomerization68,77,86. As such, determining the 

relative protein levels or expression of RIPK1 and phosphorylated RIPK1 was completed 

to ascertain if changes in the environmental pH would impact expression and 

phosphorylation of RIPK1. Western blot analysis showed that both RIPK1 and pRIPK1 

protein levels were not changed under acidic conditions compared to physiological pH 

(Figure 8). Hence, RIPK1 function remains unchanged despite changes in the 

extracellular and intracellular pH. This suggests that there may be other mechanisms 

which participate in the acidosis-regulated cell death shown in this study. 
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Figure 8: RIPK1 is not altered at acidic pH 
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WT MVECs were subjected to the cell death assay described earlier at pH 7.4 and 6.5 for 

3 hours before total protein was isolated and western blot analysis was performed for the 

detection of RIPK1 and p-RIPK1 proteins. GAPDH was used as a loading control.  

(A) The protein levels of phosphorylated RIPK1 and total RIPK1 were confirmed by 

western blot analysis 3 hours after the death assay at pH 7.4. The band sizes are 

labelled and GAPDH was used as a loading control.  

(B) The protein levels of phosphorylated RIPK1 and total RIPK1 were confirmed by 

western blot analysis 3 hours after the death assay at pH 6.5. The band sizes are 

labelled and GAPDH was used as a loading control.  

(C) The relative expression of total RIPK1 was calculated with GAPDH as the baseline. 

The differences between treatment groups were not statistically significant, n=3; 1-

way ANOVA and 2-way ANOVA; Tukey’s multiple comparisons test. 

(D) The relative expression of phosphorylated RIPK1 was calculated with GAPDH as 

the baseline. The differences between treatment groups were not statistically 

significant, n=3; 1-way ANOVA and 2-way ANOVA; Tukey’s multiple comparisons 

test.  

(E) The relative expression of phosphorylated RIPK1 to total RIPK1 with GAPDH as the 

baseline at pH 7.4. The differences between pRIPK1 and total RIPK1 as well as 

between treatment groups were not statistically significant, n=3; 2-way ANOVA; 

Tukey’s multiple comparisons test.  

(F) The relative expression of phosphorylated RIPK1 to total RIPK1 with GAPDH as the 

baseline at pH 6.5. The differences between pRIPK1 and total RIPK1 as well as 

between treatment groups were not statistically significant, n=3; 2-way ANOVA; 

Tukey’s multiple comparisons test.  

3.3 Nuclear Translocation of AIF in Endothelial Cells is pH-
Dependent 

In apoptosis, the activation of the caspase cascade then triggers DNases which results in 

DNA fragmentation. Previous studies have shown that there is a caspase-independent 

mechanism for DNA fragmentation98,99,129. After the release of apoptosis-inducing factor 

(AIF) from the mitochondria into the cytosol, the molecule is truncated and then 
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translocates into the nucleus alongside endonuclease G (EndoG) in order to cause large-

scale DNA fragmentation and degradation91,97,99. We wanted to determine if AIF plays a 

role in cell death at acidic pH conditions and if so, whether EndoG is involved as well. 

To confirm the role of AIF, WT endothelial cells were subjected to a death assay as 

described earlier and immunocytochemistry was used to observe AIF translocation into 

the nucleus in the different treatment groups, taking representative images of the wells for 

quantification (Figure 9A & 9B). The images were quantified for total cells and positive 

AIF nuclear translocation. Based on the representative images and quantification counts, 

the TSI treatment group had the highest level of positive AIF nuclear translocation at 

both pH 6.5 and 7.4 (Figure 9C & 9D). Overall, the amount of AIF nuclear translocation 

was upregulated in all the treatment groups at pH 6.5 compared to pH 7.4 (Figure 9E), 

suggesting that translocation of AIF may depend on the acidity of the cellular 

environment.  

As AIF is implicated in DNA degradation following translocation into the nucleus, seeing 

whether the nuclear translocation could be inhibited to prevent cell death was of interest. 

Thus, WT endothelial cells were treated as described in section 2.3. To block AIF 

translocation at both pH 7.4 and 6.5, either 10-100 µM of 3-ABA or 0.25-4 µM of 

Alisporivir was added to the TS and TSI treatment groups to inhibit PARP-1 or CypA 

respectively. Based on the quantification of positive nuclear translocation, there was a 

significant reduction in nuclear translocation of AIF at pH 6.5 when 3-ABA or 

Alisporivir was added to the treatments (Figure 10). This suggests that AIF nuclear 

translocation can be controlled through the CypA/AIF complex or through parthanatos 

with PARP-1, which supports previous findings from other groups97,98,109,117,141. 

 

  



41 

 

A 

 

  



42 

 

B 

 

  



43 

 

C 

UT TS TSI TSN TSIN

0

5

10

15

20

Quantification of AIF Nuclear Translocation at pH 7.4

Treatment Groups

P
o
si

ti
v

e 
N

u
cl

ea
r 

T
ra

n
sl

o
ca

ti
o

n
 (

%
)

✱

✱✱✱✱

✱✱

✱✱✱✱

✱✱

✱✱✱✱

✱✱✱✱

✱✱✱

 

D 

UT TS TSI TSN TSIN

0

10

20

30

40

Quantification of AIF Nuclear Translocation at pH 6.5

Treatment Groups

P
o
si

ti
v
e 

N
u

cl
ea

r 
T

ra
n

sl
o
ca

ti
o
n

 (
%

)

✱ ✱✱

✱✱

 



44 

 

E 

UT TS TSI TSN TSIN

0

10

20

30

40

Comparison of AIF Nuclear Translocation

Treatment Groups

P
o
si

ti
v

e 
N

u
cl

ea
r 

T
ra

n
sl

o
ca

ti
o

n
  

(%
)

pH 7.4

pH 6.5✱✱✱✱

✱✱✱

✱✱✱✱✱✱

 

Figure 9: Nuclear translocation of AIF in endothelial cells is pH-dependent 

WT MVECs were stained for AIF after death assays as described in section 2.3 with the 

addition of seeing whether using Alisporivir, a CypA inhibitor, and 3-ABA, a PARP-1 

inhibitor, would impact nuclear translocation of AIF. Fluorescent images of each 

treatment were taken per well where each treatment had at least three wells of biological 

replicates and experiments were repeated thrice. Positive nuclear translocation was 

quantified. 

(A) Representative images of MVECs are shown following a death assay at pH 7.4. 

Representative positive AIF nuclear translocation is marked by the green arrowheads 

while absence of AIF nuclear translocation is marked by blue arrowheads.  

(B) Representative images of MVECs are shown following a death assay at pH 6.5. 

Representative positive AIF nuclear translocation is marked by the green arrowheads 

while absence of AIF nuclear translocation is marked by blue arrowheads. 

(C) Quantification of positive nuclear translocation at pH 7.4 after a 12-hour cell death 

assay and is representative of at least 3 independent experiments; n=3; 
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****p≤0.0001, ***p≤0.0002, **p≤0.0021, *p ≤0.0332, ns = non-significant (p-value 

≥ 0.05); 1-way ANOVA; Tukey’s multiple comparisons test. 

(D) Quantification of positive nuclear translocation at pH 6.5 after a 12-hour cell death 

assay and is representative of at least 3 independent experiments; n=3; 

****p≤0.0001, ***p≤0.0002, **p≤0.0021, *p ≤0.0332, ns = non-significant (p-value 

≥ 0.05); 1-way ANOVA; Tukey’s multiple comparisons test. 

(E) Quantification of positive nuclear translocation comparing pH 7.4 and pH 6.5 is 

representative of at least 3 independent experiments; n=3; ****p≤0.0001, 

***p≤0.0002, **p≤0.0021, *p≤0.0332, ns = non-significant (p-value ≥ 0.05); 2-way 

ANOVA; Tukey’s multiple comparisons test. 
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Figure 10: PARP-1 and CypA inhibition reduces nuclear translocation of AIF at 

acidic pH conditions 

MVECs were treated to the death assays described in section 2.3 and varying 

concentrations of 3-aminobenzamide (3-ABA), a PARP-1 inhibitor, and Alisporivir, a 

CypA inhibitor, were added to the TS and TSI treatment groups. 

(A) Quantification of positive nuclear translocation comparing pH 7.4 and pH 6.5 with 

the addition of 3-ABA is representative of at least 3 independent experiments; n=3; 

****p≤0.0001, **p≤0.0021, *p≤0.0332, ns = non-significant (p-value ≥ 0.05); 2-way 

ANOVA; Tukey’s multiple comparisons test. 
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(B) Quantification of positive nuclear translocation comparing pH 7.4 and pH 6.5 with 

the addition of Alisporivir is representative of at least 3 independent experiments; 

n=3; ****p≤0.0001, ***p≤0.0002, *p≤0.0332, ns = non-significant (p-value ≥ 0.05); 

2-way ANOVA; Tukey’s multiple comparisons test.  

3.4 Endonuclease G Does Not Participate in Translocation 
of AIF at Acidic Conditions 

While AIF has been implicated in DNA degradation and chromatin condensation, the 

molecule itself does not have intrinsic nuclease properties121,124,125. However, it was 

previously reported that endonuclease G (EndoG) and AIF can be released together from 

the mitochondria to move into the nucleus, causing DNA fragmentation99,116,122.97 To 

determine whether this is the case in acidic pH conditions, WT endothelial cells were 

subjected to a death assay as described earlier and immunocytochemistry was used to 

observe EndoG translocation into the nucleus in the different treatment groups, taking 

representative images of the wells for quantification. From the images taken, there was 

no nuclear translocation of EndoG present in either pH 7.4 or 6.5 (Figure 11). This 

suggests that there may be another nuclease interacting with AIF to cause DNA 

fragmentation. 
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Figure 11: Endonuclease G does not translocate into the nucleus at pH 7.4 and 6.5 

WT MVECs were stained for EndoG after death assays as described in section 2.3. 

Fluorescent images of each treatment were taken per well where each treatment had at 

least three wells of biological replicates and experiments were repeated thrice. Positive 

nuclear translocation of EndoG was not seen. 

(A) Representative images of MVECs are shown following a death assay at pH 7.4. 

Absence of EndoG nuclear translocation is marked by blue arrowheads.  

(B) Representative images of MVECs are shown following a death assay at pH 6.5. 

Absence of EndoG nuclear translocation is marked by blue arrowheads. 
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3.5 AIF Induces DNA Fragmentation in Endothelial Cells at 
Acidic Conditions 

To gain a clearer understanding of AIF’s role in acid-induced cell death, WT MVECs 

were subjected to the cell death assay described above at pH 6.5 and lysed for DNA. AIF 

has been associated with parthanatos, moving from the mitochondria into the nucleus due 

to the release of PAR polymers97,106. It has also been shown that CypA associates with 

AIF in the cytosol before translocating into the nucleus97,141. As a result, the addition of 

3-ABA was used to determine if the inhibition of PARP-1 would play a role in cell death 

at acidic conditions. Furthermore, Alisporivir was added to determine if inhibition of AIF 

migration by blocking CypA would prevent DNA damage. Cell death was induced as 

described above and cell pellets were collected for DNA purification. DNA degradation 

was characterized through gel electrophoresis. In the images taken of the gels, there was a 

repetitive small-band nuclear fragmentation pattern visible in the treatment groups at pH 

6.5 (Figure 12A) which was absent when 3-ABA or Alisporivir were added (Figure 12B 

& 12C). In conclusion, we have found that AIF causes small size DNA fragmentation 

which can be inhibited by blocking either the CypA/AIF complex or PARP-1. 
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A            B            C 

 

Figure 12:  Effects of PARP-1 and CypA inhibitors on DNA fragmentation at acidic 

pH conditions  

WT MVECs were subjected to the cell death assay previously mentioned at pH 6.5 for up 

to 45 hours before DNA was isolated with a phenol-chloroform extraction. DNA was 

quantified and run on an electrophoresis gel before being stained with a DNA gel and 

imaged. 

(A) WT MVECs were treated with the cell death assay previously mentioned at pH 6.5 

for up to 45 hours, after which DNA was isolated and run on an electrophoresis gel. 

Image is representative of three independent experiments. 

(B) WT MVECs were treated with the cell death assay previously mentioned at pH 6.5 

for up to 45 hours with the addition of 50 µM 3-ABA to each treatment group, after 

which DNA was isolated and run on an electrophoresis gel. Image is representative 

of three independent experiments. The concentration of 50 µM 3-ABA was selected 

because it was the lowest concentration with the most statistically significant change 

in cell death in the dose-response assay that will be discussed in section 3.7. 

(C) WT MVECs were treated with the cell death assay previously mentioned along with 

the addition of 4 µM Alisporivir to each treatment group at pH 6.5 for up to 45 

hours, after which DNA was isolated and run on an electrophoresis gel. Image is 

representative of three independent experiments. The concentration of 4 µM 
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Alisporivir was chosen because it had the most statistically significant change in cell 

death in the dose-response assay that will be discussed in section 3.7.  

3.6 AIF Silencing Did Not Prevent Cell Death at Acidic pH 

Currently, there are no pharmacological inhibitors which directly target AIF available117. 

As a result, to study the role of AIF in cell death at acidic conditions, the Aifm1 gene was 

silenced in wild-type B6 endothelial cells using siRNA transfected into the cells for 24 

hours. This silencing was confirmed through RT-qPCR and western blot (Figure 13A and 

13C).  

Silenced MVECs which were transfected with siRNA for 24 hours and control MVECs 

which were not transfected with siRNA were subjected to the death assays described 

earlier at pH 6.5 (Figure 14A and 14B). In comparing the silenced and control groups at 

pH 6.5, the silenced cells showed an increase in cell death when compared to control 

MVECs (Figure 14C). 
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Figure 13: Confirmation of siRNA-induced silencing of Aifm1 in endothelial cells 



55 

 

Wild-type MVECs were transfected with 50 nM of Aifm1 siRNA using EndoFectin 

Max™ transfection reagent in Opti-MEM™ media for 24 hours.  

(A) The level of AIF mRNA expression was quantified in wild-type and siRNA silenced 

MVECs by RT-qPCR. β-actin was used as an endogenous control. Data are shown as 

mean ± SD and representative of at least 3 independent experiments; n=3; 

**p≤0.0021; Student’s t-test for paired values. 

(B) The reduction in protein expression of AIF-silenced cells was confirmed by western 

blot analysis 24 hours after transfection. GAPDH was used as a loading control.  

(C) The level of AIF protein expression after 24 hours siRNA transfection was measured 

in 3 independent experiments; n=3, ****p≤0.0001; Student’s t-test for paired values. 
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Figure 14: AIF siRNA-induced silencing increased cell death 

WT MVECs were transfected with siRNA or with EndoFectin Max only for 24 hours 

before being plated on 96-well plates and treated as described earlier. Data at 12 hours 

following the start of the death assay are shown as mean ± SD and representative of at 

least 3 independent experiments. 

(A) Control MVECs were harvested 24 hours post-transfection and subjected to the death 

assay at pH 6.5 as previously mentioned in section 2.3.2 in triplicate. As a positive 

control (not shown), 0.1% Triton™ X-100 (TX100), a non-ionic surfactant was used 

to induce 100% cell death and to calculate the percent of cell death in all treatments. 

(B) Aifm1 silenced MVECs were harvested 24 hours post-transfection and subjected to 

the death assay at pH 6.5 as previously mentioned in section 2.3.2 in triplicate. As a 

positive control (not shown), 0.1% Triton™ X-100 (TX100), a non-ionic surfactant 

was used to induce 100% cell death and to calculate the percent of cell death in all 

treatments. 

(C) Data at 12 hours from the start of the death assay at pH 6.5 comparing the levels of 

cell death between Aifm1 silenced MVECs and control MVECs are shown as mean ± 
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SD and representative of at least 3 independent experiments; n=3; ****p≤0.0001, 

*p≤0.0332, ns = non-significant (p-value ≥ 0.05); 2-way ANOVA; Tukey’s multiple 

comparisons test. 

3.7 Cyclophilin A is Modestly Involved in Endothelial Cell 
Death at Acidic Conditions 

In PCD, tAIF translocates from the mitochondria to the nucleus, which is positively 

regulated by cytosolic CypA97,98,116,117,121,124,126,127,130,141. This translocation then leads to 

chromatinolysis and DNA degradation caused by an associated nuclease. In the nucleus, 

the truncated form of AIF associates with phosphorylated histone H2AX (γH2AX) and 

CypA, or endonuclease G (EndoG) to provoke chromatin condensation and DNA 

degradation in AIF-mediated necroptosis97,98,121,125–127,130. Since there was a significantly 

higher level of AIF nuclear translocation at pH 6.5 in all the treatment groups compared 

to pH 7.4, it was of interest to see whether endothelial cell death at acidic pH conditions 

was altered with the inhibition of cyclophilin A. Alisporivir was added to the following 

treatments at pH 6.5: untreated [UT]; and TNF-α + SMAC mimetic [TS], which 

represents apoptosis. Interestingly, the addition of Alisporivir to the TS treatment group 

led to a small but significant increase in cell death at pH 6.5 (Figure 15). While this 

suggests that CypA may be involved in endothelial cell death, it also raises the possibility 

that inhibition of the CypA-AIF complex due to Alisporivir instead shifts the cell death 

mechanism to a different pathway or other molecules also participate cell death since cell 

death was not completely inhibited. 
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Figure 15: Cyclophilin A is modestly involved in endothelial cell death at acidic pH 

conditions 

WT MVECs were subjected to the death assay described earlier in sections 2.3.2 and 3.1. 

The cyclophilin A inhibitor, Alisporivir, was added at concentrations ranging from 1 to 

50 µM to block AIF nuclear translocation and the CypA-AIF interaction.  

(A) Data at 12 hours from the start of the death assay at pH 6.5 for untreated and 1-50 

µM Alisporivir are shown as mean ± SD and representative of at least 3 independent 

experiments; n=4; ns = non-significant (p-value ≥ 0.05); 1-way ANOVA; Tukey’s 

multiple comparisons test. 

(B) Data at 12 hours from the start of the death assay at pH 6.5 for TS and TS + 1-50 µM 

Alisporivir are shown as mean ± SD and representative of at least 3 independent 

experiments; n=4; *p≤0.0332, ns = non-significant (p-value ≥ 0.05); 1-way ANOVA; 

Tukey’s multiple comparisons test. 
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3.8 Parthanatos May Be Involved in Endothelial Cell Death 
at Acidic Conditions 

As previously mentioned, parthanatos consists of the overexpression of poly (ADP-

ribose) polymerase 1 or PARP-1, which leads to cell death and DNA damage. This 

includes translocation of nuclear PAR polymers to the mitochondria causing AIF release 

and cell death. The role of parthanatos was investigated in acid-induced endothelial cell 

death using a PARP-1 inhibitor, 3-aminobenzamide or 3-ABA, which was added to the 

cells with the following treatments: untreated [UT]; TNF-α + SMAC mimetic [TS], 

which should represent apoptosis; and TNF-α + SMAC mimetic + z-IETD-fmk [TSI], 

which should represent necroptosis. The addition of 3-ABA to untreated cells showed a 

reduction in apoptotic cell death at 12 hours at pH 7.4 (Figure 16A) while the addition of 

3-ABA to untreated cells at pH 6.5, TS treated cells at pH 6.5 and pH 7.4, and TSI treated 

cells at pH 7.4 did not show a significant reduction in cell death at 12 hours with the 

highest concentration of 3-ABA. However, the addition of 3-ABA to TSI treated cells 

showed a statistically significant reduction in cell death at 12 hours for pH 6.5 (Figure 

16F). 
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Figure 16: Parthanatos may contribute to endothelial cell death 
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WT MVECs were subjected to the death assay described earlier in sections 2.3.2 and 3.1. 

The PARP-1 inhibitor, 3-ABA, at concentrations ranging from 1-200 µM, was added to 

block parthanatos.  

(A) Data at 12 hours from the start of the death assay at pH 7.4 for untreated and 1-200 

µM 3-ABA are shown as mean ± SD and representative of at least 3 independent 

experiments; n=3; **p≤0.0021, *p≤0.0332, ns = non-significant (p-value ≥ 0.05); 1-

way ANOVA; Tukey’s multiple comparisons test. 

(B) Data at 12 hours from the start of the death assay at pH 7.4 for TS and TS + 1-200 

µM 3-ABA are shown as mean ± SD and representative of at least 3 independent 

experiments; n=3; **p≤0.0021, ns = non-significant (p-value ≥ 0.05); 1-way 

ANOVA; Tukey’s multiple comparisons test. 

(C) Data at 12 hours from the start of the death assay at pH 7.4 for TSI and TSI + 1-200 

µM 3-ABA are shown as mean ± SD and representative of at least 3 independent 

experiments; n=3; **p≤0.0021, *p≤0.0332, ns = non-significant (p-value ≥ 0.05); 1-

way ANOVA; Tukey’s multiple comparisons test. 

(D) Data at 12 hours from the start of the death assay at pH 6.5 for untreated and 1-200 

µM 3-ABA are shown as mean ± SD and representative of at least 3 independent 

experiments; n=3; ns = non-significant (p-value ≥ 0.05); 1-way ANOVA; Tukey’s 

multiple comparisons test. 

(E) Data at 12 hours from the start of the death assay at pH 6.5 for TS and TS + 1-200 

µM 3-ABA are shown as mean ± SD and representative of at least 3 independent 

experiments; n=3; *p≤0.0332, ns = non-significant (p-value ≥ 0.05); 1-way ANOVA; 

Tukey’s multiple comparisons test. 

(F) Data at 12 hours from the start of the death assay at pH 6.5 for TSI and TSI + 1-200 

µM 3-ABA are shown as mean ± SD and representative of at least 3 independent 

experiments; n=3; ns = non-significant (p-value ≥ 0.05); 1-way ANOVA; Tukey’s 

multiple comparisons test. 
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Chapter 4  

4 Discussion 

4.1 Study Summary 

Solid organ transplantation remains one of the best treatment courses for end-stage organ 

failure56,64. Furthermore, forms of cell death such as apoptosis and necroptosis have been 

shown to play an important role in the pathogenesis of clinical conditions and diseases77. 

Understanding apoptosis and necroptosis pathways in the context of organ transplantation 

may provide information to improve or prolong the success of transplants. Apoptosis is a 

well-defined cell death pathway which can be induced by death receptors or by MOMP 

and caspases67,77. Necroptosis is a form of caspase-independent cell death which causes 

inflammation, contributing to graft injury and an immune response56,66,68,77,88. Previous 

work by our group has demonstrated the role of necroptosis causing inflammation and 

injury in heart and kidney grafts46,131,142,143. RIPK1 and RIPK3 have been shown to be 

involved in necroptosis and that inhibition of RIPK3 reduced graft rejection131,143. In 

addition to this, we have also shown that cyclophilin D (CypD), a MPTP regulator 

molecule, is a promising target in the downstream pathway of TNF-α mediated 

necroptosis in two different in vitro models with various treatment groups – one using 

physiological pH and another using cold hypoxia-reoxygenation injury132,142. Transplant 

survival was also prolonged in heterotopic transplantation using CypD-/- hearts compared 

to wild-type hearts132,142. The earlier pathways of TNFR1-induced necroptosis have been 

carefully outlined and studied, but there is some debate as to the mechanisms involved at 

the end of the pathway and the involvement of the mitochondria68,77,83,86,116. As such, 

having learned that cyclophilin D is a potential target in necroptosis, it was clear that 

downstream mediators of CypD-mediated mPTP formation required investigation to gain 

a clearer picture of the downstream necroptotic pathway.  

During ischemia when blood flow is interrupted or absent, cells switch to anaerobic 

metabolism and generate lactic acid, causing a subsequent drop in intracellular 

pH33,40,42,47. In this study, we investigated the role of necroptosis in cell death, controlling 

for the pH of the surrounding cellular environment to represent the acidic conditions 
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which occur in ischemia. We demonstrated that the level of necroptotic cell death was 

reduced in acidic extracellular pH. Furthermore, nuclear translocation of AIF can be 

upregulated by low pH while causing large-scale DNA fragmentation and apoptotic 

laddering. Finally, parthanatos may be involved in endothelial cell death at physiological 

and acidic pH. Targeting AIF to prevent its nuclear translocation may be a potential 

approach for therapeutic strategies to reduce IRI and improve graft function in 

transplantations. 

4.1.1 The Endothelium in Organ Transplantation 

The endothelium is important in maintaining vascular homeostasis and is the first contact 

site between immune system of the recipient and the foreign cells from the donor organ 

in transplantations61,64,65,95. This barrier helps to regulate the movement of immune cells 

in and out of the organ, protecting the allograft from pathogens62–65. The endothelium is 

susceptible to damage and injury during ischemia and reperfusion, which can lead to 

dysfunctions in the balance between vasodilation and vasoconstriction, blood flow, and 

promote inflammation and alloimmunity58,64,65,95. These changes can lead to graft injury 

and necrosis, causing programmed cell death induced by IRI58,64. Knowing that the 

endothelium is a crucial barrier, it is important to target endothelial cells to prevent cell 

death and damage following transplants. 

4.1.2 Necroptosis in IRI and Organ Transplantation 

IRI are unavoidable consequences of the transplantation process which can have 

detrimental effects on the long-term success of the allograft leading to graft 

rejection34,40,47. There have been advances in organ storage and preservation using 

machinery to reduce IRI but limited research in targeting molecular mediators of IRI 

associated with various forms of PCD5,6,12,66,144. Understanding the mechanisms and role 

of various ligands in PCD could lead to methods specifically targeting IRI which will 

improve graft survival.  

Numerous studies reported that organ damage post-ischemia and reperfusion is mainly 

mediated by inflammation, apoptosis, and necroptosis42,55,88,90,93. In the recent work 

published by our group, endothelial cells were shown to be susceptible to TNFR1-
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mediated necroptosis and that targeting mediators of necroptosis (RIPK1 and RIPK3) led 

to prolonged graft survival of heterotopic heart transplantations in mice131,142,143. Our 

studies were confirmed by recent publications that showed that necroptosis is a major 

contributor to injury in organ transplantation and is not only limited to cardiac 

transplants56,83,86,88,89. The involvement of TNFR1-mediated necroptosis was also 

confirmed in a hypoxia-reoxygenation model to mimic ischemia-reperfusion injury and 

that AIF nuclear translocation was shown in cells exposed to hypoxia-reoxygenation132. 

Thus, this current study was designed in order to better understand the role of AIF in cell 

death pathways as well as the downstream signalling involved. 

4.1.3 The Impact of Acidic pH on Necroptosis 

Some studies have used cardiac myocytes to examine the changes in pH which occur 

during IRI. The environmental changes which occur with shifts in pH during IRI have 

been called a paradox, in part because the lowering of pH that results during ischemia and 

anaerobic metabolism does not impact the tissues as negatively as does the return of 

blood flow and restoration of physiological pH during reperfusion33,40. In some studies, 

the acidic cellular environment was shown to lead to an upregulation of apoptosis in 

tumor cells145. On the other hand, there has also been research which states lower acidic 

pH conditions can inhibit levels of apoptosis compared to physiological pH conditions146. 

While these suggest conflicting remarks about the impact that acidic pH conditions has 

on apoptotic cell death, it is possible that there are multiple pathways involved which 

control induction of apoptosis depending on the pH of the environment. 

There have been limited studies on the effects of environmental pH on TNFR1-mediated 

necroptosis. Previous studies showed contradictory results on pH-regulated cell 

necroptosis. In one study, it was shown that RIPK1 is not cleaved under acidic pH 

conditions in HT29 cells, which may explain why RIPK1-dependent necrosis can occur 

at acidic conditions147. Another study suggested that when intracellular pH was basic due 

to osmotic stress, necroptosis was induced by directly activating RIPK3148. On the other 

hand, there have been studies reporting that acidic pH induces necrotic-like cell 

death147,149. One study published in 2020 showed similar results to this project with 

respect to the effects that acidic environmental conditions had on necroptotic cell 
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death150. In the study, the researchers found that proliferating T-lymphocyte cells which 

consumed sodium bicarbonate and released lactate led to a surrounding pH of 6.3 for the 

culture medium150. When this occurred, there was an inhibition of TNFR1-mediated 

necroptosis which was reversed when the environmental pH was neutralized, suggesting 

that like this project, the acidification of culture medium is critical for the inhibition of 

cell death150. The acidic extracellular pH was also shown to impair RIPK1 kinase 

activation and autophosphorylation at Ser166150. Thus, RIPK1 activation, necroptosis, 

and apoptosis were all inhibited at low pH150. In our current project, we were not able to 

show a statistically significant decrease in RIPK1 and its kinase activity at acidic pH 

conditions compared to physiological pH (Figure 8). However, from the western blot 

images taken of the protein levels of RIPK1 and p-RIPK1, there was a visual reduction in 

p-RIPK1 at pH 6.5 compared to pH 7.4 (Figure 8), which might potentially correlate with 

the study previous mentioned.  

4.1.4 Acid-Induced Cell Death Upregulates AIF Nuclear 
Translocation 

The mechanism underlying the translocation of AIF in the context of cell death is not 

fully understood yet, but the general steps involved are first the truncation of AIF, 

followed by its exit from the mitochondria after membrane permeabilization. Previous 

studies have found potential molecules involved in the release of AIF such as PARP-1, 

Bax, or Bid106,109,110. In this study, we were able to show that PARP-1 may be involved in 

endothelial cell death at both physiological and acidic pH. When cells were treated at a 

low pH of 6.5, there was an increase in AIF nuclear translocation in all treatment groups 

compared to physiological pH of 7.4 (Figure 9E). However, there was a decrease in cell 

death when apoptosis was blocked at pH 6.5 compared to pH 7.4, where the pathway was 

shifted to necroptosis. Thus, it is possible that nuclear translocation of AIF is not 

positively correlated with necroptotic cell death. In addition to this, AIF has been labelled 

as a caspase-independent apoptosis inducer alongside endonuclease G, both having been 

implicated in necroptosis99. One study found that AIF and endonuclease G (EndoG) 

interact in the nucleus and that EndoG cleaves DNA99. In this project, 

immunocytochemistry experiments were also completed with anti-EndoG antibody. 
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However, staining of treated cells at physiological and acidic pH did not show nuclear 

translocation of EndoG (Figure 11). This suggests that other nucleases are involved in 

DNA degradation in our current model.  

 

Figure 17: Proposed mechanism of necroptosis in acidic pH conditions 

Based on the findings from this study, the function of RIPK1 is not affected by changes 

in pH of the extracellular environmental. However, the nuclear translocation of AIF was 

shown to be upregulated at acidic pH conditions. Both PARP-1 and CypA inhibition led 

to a significant decrease in positive AIF nuclear translocation at acidic pH conditions, 

suggesting that both pathways may be involved in acidic cell death.  

4.2 Future Directions 

The fact that there was greater positive AIF translocation in the treatments at acidic pH 

suggests a potential upregulation in PARP-1 activity, releasing truncated AIF from the 

mitochondria before entering the nucleus. It will be interesting to define this mechanism 

in future. In addition, while AIF has been implicated in cell death when it translocates 

into the nucleus, it is also an essential molecule within the mitochondria116–118,121. It may 

not be possible to completely remove the presence of AIF within the cell due to adverse 
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effects, so a better approach might be to limit only the nuclear translocation of AIF with 

pharmacological agents such as Alisporivir in vitro and in a murine heart transplantation 

model. 

While we were able to show that nuclear translocation of AIF was upregulated in an 

acidic environment and proceeded to large-scale DNA fragmentation, the enzyme or 

nuclease involved in the actual fragmentation of DNA was not found. As previously 

mentioned, in this project, EndoG did not migrate with AIF into the nucleus in the 

treatment groups at pH 6.5 and 7.4. Therefore, it would be worthwhile to investigate 

potential nucleases that are responsible for the large-scale DNA fragmentation that was 

seen in the treatments at pH 6.5. One suggested molecule to focus on would be 

macrophage migration inhibitory factor (MIF), which has been implicated in PARP-1 

induced DNA fragmentation107,113. Another important next step would be to investigate 

the role of AIF in an in vivo murine cardiac transplantation model using AIF knockout 

mice. One model would be to use mice with the Harlequin (Hq) mutation, which causes 

an 80% reduction in AIF expression117,151. 

4.3 Limitations 

One limitation of the findings from this project is the exclusive use of an in vitro model 

using MVECs. Working with an isolated system such as the cell model that was used 

would not account for any physiological or pharmacological cellular responses in the 

external environment, including any interactions with other types of cells within the 

organ or body system. In this study, the condition of acidosis associated with ischemia 

was simulated by using acidic pH conditions in vitro with cell culture media. However, 

ischemia during transplantation is also the result of the deprivation of oxygen and blood 

flow, which were not factored into the model used for this project34,40,42,47,48,115. 

Furthermore, when an organ – in this case, the heart – is removed and prepared for 

transplantation, the time that the organ is ischemic is limited as much as possible11,38,39. 

Typically, donor organs are subjected to no more than five hours of ischemia before they 

are transplanted into the recipient and reperfused with oxygenated blood35–37. In addition, 

the assays in the study only focussed on the cell death pathways of apoptosis and 

necroptosis. However, as previously mentioned, cell death mechanisms extend beyond 
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just the two pathways used in this project82,85. There are multiple factors and mechanisms 

that can lead to ischemia-reperfusion injury and inflammatory responses, so it is possible 

that there are other death pathways not addressed in this study, such as pyroptosis or 

ferroptosis, which also contribute to cardiac graft injury that were not a focus of this 

project85,102–104.  As such, the results from the in vitro model may not accurately represent 

transplantation results from in vivo studies or reflect clinical conditions. Thus, there 

would be additional factors that were not accounted for in this model that could hinder 

the applicability of this work in a clinical setting. 

An additional limitation was the methodology used in quantifying nuclear translocation 

of AIF. For this project, two separate individuals counted the amount of positive AIF 

translocation in a blinded manner. The criteria for positive and negative translocation 

were defined. However, there is greater potential for errors in counting by visual 

confirmation compared to the use of an imaging software that defines the threshold for 

translocation, something which should be the considered for future experiments involving 

quantifying nuclear translocation. Finally, the use of various small molecule inhibitors to 

induce cell death and mimic in vivo cell death during transplantation can be considered a 

limitation. Inducing cell death through drugs is an artificial model compared to changing 

cellular conditions to mimic ischemia such as depriving the endothelial cells of oxygen 

through hypoxia. 

4.4 Conclusion and Study Significance 

In this study, we were able to build upon our knowledge from the previous studies 

completed in the group and provided evidence that AIF plays a role in endothelial cell 

death at acidic pH conditions and that these pH conditions may control for the activation 

of specific cell death pathways.  

While specifically AIF deletion did not produce a reduction in cell death at low pH, it is 

possible that targeting upstream regulators of AIF may yield protection against cell death 

in organ transplantation. The main goal of this study was to develop a better 

understanding of end-stage mechanisms involving AIF at acidic conditions. In defining 

the mechanisms involved in these cell death pathways, potential pharmacological agents 
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could be used to block these routes and ultimately enhance the preservation of organs or 

expand eligibility criteria, thus addressing donor organ shortages7,39. Considering the cell 

death mechanism of necroptosis at pH 7.4 differed from pH 6.5, our study suggests that a 

comprehensive therapy should separately treat ischemia and reperfusion respectively.  
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